Although 6-gala series glycosphingolipids possessing R-Gal (α/β) 1-6Galβ1-1 Cer have been found in some mollusks, pathogenic parasites, and fungi, their physiological functions and metabolic pathway are not fully understood. We described a novel method of detecting 6-gala series glycosphingolipids utilizing the specificity of endogalactosylceramidase (EGALC), which is capable of hydrolyzing 6-gala series glycosphingolipids to produce intact oligosaccharides and ceramides. EGALC catalyzes not only hydrolysis but also a transglycosylation reaction. In the latter reaction, EGALC transfers oligosaccharides from the glycosphingolipids to acceptors such as fluorescent 1-alkanols. Based on the transglycosylation reaction of EGALC, a specific, easy, fast, sensitive, and reproducible method of detecting 6-gala series glycosphingolipids was developed using NBD-pentanol as an acceptor. The fluorescent products, NBD-pentanol-conjugated 6-gala oligosaccharides, were separated and detected by TLC or HPLC with a fluorescent detector. Moreover, it was revealed that as well as glycosphingolipids, a glycoglycerolipid, digalactosyldiacylglycerol, was utilized by EGALC as a donor substrate. This method was successfully applied to detect 6-gala series glycosphingolipids in a fungus, Rhizopus oryzae, and a parasite, Taenia crassiceps. The method would be useful for studying glycosphingolipids and galactosyl glycerolipids which share the Gal (α/β) 1-6Gal structure.
Introduction
Glycosphingolipids (GSLs), amphipathic compounds consisting of oligosaccharides and ceramide (Cer) moieties, are ubiquitous components of the plasma membrane. According to the lipid database (Lipid bank), more than 500 species of GSL differing in oligosaccharides and Cer moieties have been found in vertebrates and invertebrates. Among them, neogala series GSLs, possessing a common structure R-Galβ1-6Galβ1-1 Cer, have been found in marine mollusks, Turbo cortunus (Matsubara and Hayashi 1981; Hayashi and Matsubara 1989) and Chlorostoma argyrostoma turbinatum (Matsubara and Hayashi 1986) , some annelida, the leech Hirudo nipponia (Noda et al. 1996; Sugita et al. 1996) and the earthworm Pheretima hilgendorfi (Sugita, Fujii, et al. 1992 , 1994 , and some platyhelminthes, especially the cestodes Metroliasthes coturnix (Nishimura et al. 1991) , Echinococcus multilocularis (Persat et al. 1992) , Taenia crassiceps (Dennis et al. 1992) , Spirometra erinacei (Kawakami et al. 1996) , and Diphyllobothrium hottai (Iriko et al. 2002) . Neogala series GSLs from the pathogenic cestode E. multilocularis inhibited the proliferation of human peripheral blood mononuclear cells simultaneously with a decrease in the synthesis of IL-2 (Persat et al. 1996) , and thus GSLs are likely to play immunologically relevant roles in alveolar hydatid disease, a severe fetal disorder (McManus et al. 2003) . Recently, fungi resistant to aureobasidin A, a well-known anti-fungal reagent, belonging to the class Zygomycetes, which cause zygomycosis, were found to synthesize neogala series GSLs instead of glycosylinositolphosphoceramide (GIPC) (Aoki et al. 2004 ). In addition to neogala series GSLs, iso-neogala series GSLs, which share the common structure R-Galα1-6Galβ1-1 Cer, were found in Hirudo nipponia (Sugita et al. 1996) . In this study, neogala and iso-neogala series GSLs were tentatively named "6-gala series GSLs". 6-Gala series GSLs and the pathway by which they are produced may serve as targets for the therapy and diagnosis of illnesses involving pathogenic parasites and fungi because 6-gala series GSLs are not present in any mammals including humans. Compared to other GSLs, however, the distribution, catalytic/synthetic pathways, and physiological functions of 6-gala series GSLs are not fully understood.
High-performance liquid chromatography (HPLC), thinlayer chromatography (TLC), and capillary electrophoresis have been used for the separation and detection of oligosaccharides released from GSLs. However, intact oligosaccharides show no fluorescence and no effective absorption in the UV-Vis region. Moreover, the amount of GSLs in biological samples would be very small. Therefore, methods for derivatization which basically utilize reductive amination via the Schiff base have been explored to confer fluorescence or UV-absorption for the sensitive detection of oligosaccharides via coupling of, e.g., 2-aminopyridine (AP) (Hase et al. 1978 (Hase et al. , 1981 (Hase et al. , 1984 Tomiya et al. 1988; Ohara et al. 1991) , 2-aminobenzamide (AB) (Bigge et al. 1995; Guile et al. 1996; Wing et al. 2001 ), 2-aminobenzoic acid (AA) (Neville et al. 2004; Anumula 2006) , 4-aminobenzoic ethyl ester (4-ABEE) (Wang et al. 1984; Higashi et al. 1990 ), 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) (Chiesa and Horvath 1993; Lemoine et al. 2000) , 9-aminopyrene-1,4,6-trisulfonate (APTS) (Chen and Evangelista 1995) , 2-aminoacridone (AMAC) (Okafo et al. 1997) , and 3-(acetylamino)-6-aminoacridin (AA-Ac) (Charlwood et al. 2000) . These reagents are useful for labeling oligosaccharides, but the derivatization procedure is somewhat time-consuming and generally requires purification which may lead to loss of samples. We cloned endogalactosylceramidase (EGALC) which specifically hydrolyzed 6-gala series GSLs to produce intact oligosaccharides and Cer (Ishibashi, Nakasone, et al. 2007) . EGALC is the only enzyme to recognize 6-gala series GSLs. We revealed that EGALC can catalyze not only hydrolysis but also a transglycosylation reaction in which the intact oligosaccharides are transferred from 6-gala series GSLs to the primary hydroxyl group of various 1-alkanols and 7-nitro-2,1,3-benzoxadiazole (NBD) or 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-labeled fluorescent Cer generating neoglycoconjugates ). The fluorescent GSLs generated from the transglycosylation reaction could be detected with high sensitivity by TLC or HPLC. When 1-alkanols were used as acceptor substrates, the transglycosylation reaction proceeded efficiently generating oligosaccharidealkanols which were hardly hydrolyzed by the enzyme in comparison with fluorescent Cer. Thus, it was assumed that fluorescent alkanols, not Cer, would be better acceptors to obtain EGALC-resistant fluorescent derivatives. In this study, we describe a new method of detecting 6-gala series GSLs and digalactosyldiacylglycerol (DGDG) using the transglycosylation reaction of EGALC. This method is sensitive, fast, and reproducible, and thus would facilitate the study of 6-gala series GSLs and galactosyl glycerolipids. Figure 1 gives an outline of the method.
Results

Selection of the acceptor for transglycosylation by EGALC
To prepare fluorescent alkanols as acceptors for the transglycosylation reaction by EGALC, NBD-F was mixed with ω-amino-alkanols ( Figure 2A ). NBD-F is a reagent that reacts with the amino group of amino-alkanols generating fluorescent (NBD) alkanols. In this study, NBD-ethanol, NBD-propanol, NBD-pentanol, NBD-hexanol, and NBD-decanol were synthesized and purified as described in Material and methods. To confirm whether the NBD-alkanols were synthesized as expected, they were subjected to matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Figure 2B shows the MS spectrum of NBD-pentanol using 6-aza-2-thiothymine (ATT) as a matrix. A signal at m/z 289.1 corresponding to [M+Na] + was observed. Among several NBD-alkanols tested, NBD-pentanol and NBD-decanol were relatively good acceptors when trigalactosylceramide (TGC) was used as a donor substrate ( Figure 2C ). The transglycosylation product obtained using NBD-pentanol as an acceptor was generated with high efficiency in 2 h of incubation and increased with 12 h of incubation ( Figure 2D ). On the other hand, the product obtained using NBD-decanol as an acceptor decreased with 12 h of incubation, possibly due to hydrolysis by EGALC ( Figure 2D ). Therefore, we selected NBD-pentanol as an acceptor for transglycosylation by EGALC.
Optimal conditions for transglycosylation by EGALC
EGALC catalyzes not only transglycosylation but also hydrolysis; thus, the optimal conditions for transglycosylation should be determined. When different amounts of EGALC were incubated in 10 μL of reaction mixture with 250 pmol of TGC and 20 nmol of NBD-pentanol at 37
• C for 2 h, the apparent transglycosylation reached a maximum with 10 μU of the enzyme ( Figure 3A and B).The hydrolysis proceeded relatively slowly at this concentration of the enzyme. To identify the transglycosylation product, MALDI-TOF MS was performed. As shown in Figure 3C , m/z 775.2 corresponding to a sodium adduct of NBD-pentanol-conjugated TGC oligosaccharide was detected when TGC was incubated with EGALC in the presence of NBD-pentanol. The proposed structure of the NBD-pentanol-conjugated oligosaccharide is shown in Figure 3D . Figure 3E shows the time course for generation of the transglycosylation product by EGALC. The reaction seemed to proceed linearly up to 240 min when 10 μU of EGALC was incubated with 20 nmol of NBD-pentanol and 250 pmol of TGC. The generation of the transglycosylation product was almost the same at 240 min as at 12 h (data not shown).
Specificity of transglycosylation by EGALC
EGALC specifically hydrolyzed the Galβ1-1 Cer linkage in 6-gala series GSLs, but does not cleave the Glcβ1-1 Cer linkage in ganglio-, globo-, or lactoseries GSLs (Ishibashi, Nakasone, et al. 2007 ). To clarify the specificity of EGALC for substrates in 
Various glycolipids (250 pmol) were incubated for 2 h or for 12 h with 10 μU of EGALC in 10 μL of 50 mM sodium acetate buffer, pH 5.5. The amount of transglycosylation products was quantified by TLC densitometer with a fluorescence detector (excitation 475 nm) using NBD-pentanol as a standard.
Values represent the means ± SD from three measurements. a Values mean the transglycosylation efficiency calculated as Transglycosylation efficiency (%) = transglycosylation product × 100 amount of glycolipids added to the reaction .
the transglycosylation reaction, several GSLs and DGDG were examined as donor substrates. As shown in Table I , transglycosylation products were observed when GalCer, CDS, TGC, tetragalactosylceramide (TeGC), and GSC-641 were used as donors. In contrast, α-GalCer, GSC-590, and GSC-591 were not likely to act as donor substrates under the conditions used. In addition, GlcCer, LacCer, Gb3, and GM1a were not utilized as donor substrates by the enzyme. Interestingly, EGALC was capable of catalyzing the transglycosylation reaction utilizing DGDG as a donor substrate. It is worth noting that this substrate has no Cer backbone. These results clearly indicate that the enzyme strictly recognized the structure of the oligosaccharide moiety composed of Glc/Gal (α/β) 1-6Galβ-. In contrast, EGALC seems to recognize the lipid moiety loosely. The enzyme preferred GSLs having a disaccharide (CDS, GSC-641) to those having a mono, tri-or tetrasaccharide (GalCer, TGC, and TeGC).
Detection of transglycosylation products generated from standard glycolipids using HPLC TLC-based assays are easy and useful for detecting transglycosylation products; however, they are less sensitive than HPLCbased assays. To achieve good separation and detection of transglycosylation products with HPLC, a normal-phase amino column NH2P-50, which is often used to separate oligosaccharides, was employed. Fluorescent oligosaccharides generated from CDS, TGC, and TeGC, and unreacted NBD-pentanol were clearly separated on the NH2P 50-4E column within 25 min using a gradient composed of acetonitrile/water (9/1, v/v) and acetonitrile/water (1/1, v/v) as a mobile phase at a flow rate of 1.0 mL/min ( Figure 4A ). Under the conditions used, how- ever, transglycosylation products generated from CDS, DGDG, and GSC-641 could not be separated. Among several solvent systems examined, acetonitrile/water/phosphoric acid (90/9/1, v/v/v) was found to be effective for the separation of these disaccharide derivatives ( Figure 4B ).
Sensitivity and linearity of the assay using TLC and HPLC
The limit of detection (LOD) of transglycosylation products by TLC and HPLC is shown in Table II . The LOD of TLC is approximately 1.5 pmol for TGC oligosaccharide conjugated with NBD-pentanol, defined as a peak signal/noise (S/N) ratio of 3:1. Using HPLC, this sensitivity was much increased as expected, i.e., the LOD of HPLC was 50 fmol for the same fluorescent oligosaccharide (S/N = 5). These amounts of labeled TGC oligosaccharide could be generated from approximately 7.5 pmol and 250 fmol of TGC, respectively, under the conditions described in Figure 2 . The detection of the labeled oligosaccharide was linearly performed by TLC (R 2 = 0.9986) when the amount of TGC varied from 4 pmol to 60 pmol in the reaction ( Figure 5A ), while the linearity (R 2 = 0.9931) was kept from 250 fmol to 60 pmol for HPLC ( Figure 5B ).
Detection of 6-gala series GSLs in Rhizopus oryzae
It was reported that some fungi of the class Zygomycetes, such as Mucor hiemalis and Rhizopus oryzae, have 6-gala series GSLs (tentatively named CDS, CTS, CTeS, and CPS) instead of the GIPC (Aoki et al. 2004) . To evaluate the method developed in this study, the detection of 6-gala series GSLs in total lipid from R. oryzae was performed. When <1.6 μg of total lipid was used, no glycolipids were detected by TLC with orcinol-H 2 SO 4 staining ( Figure 6A, lanes 6-8) . On the other hand, the fluorescent oligosaccharides generated by the transglycosylation reaction of EGALC in the presence of NBD-pentanol were detected by TLC when 0.4 μg of total lipid was used ( Figure 6B, lane 8) . Furthermore, it was confirmed that these fluorescent oligosaccharides were separated and detected with higher sensitivity by HPLC with the fluorescent detector ( Figure 6C , corresponding to 0.4 μg of total lipid). The linearity between the amount of lipid and the fluorescence intensity seems to be satisfactory ( Figure 6D ).
Detection of 6-gala series GSLs in Taenia crassiceps
It was shown that some cestodes, such as E. multilocularis and T. crassiceps, have 6-gala series GSLs (Dennis et al. 1992; Persat et al. 1992) . Figure 7A shows the fluorescent oligosaccharides generated from T. crassiceps lipids after treatment with EGALC in the presence of NBD-pentanol. Consistent with the findings of Dennis et al., oligosaccharides conjugated with NBD-pentanol were generated from Galβ1-6Galβ1-1 Cer (a), Galβ1-6Galβ1-6Galβ1-1 Cer (b), Galα1-4Galβ1-6Galβ1-6Galβ1-1 Cer (c), and Galβ1-6Galβ1-6Galβ1-6Galβ1-1 Cer (d). These fluorescent oligosaccharide derivatives were subjected to MALDI-TOF MS ( Figure 7B ). The molecular ions, [M+Na] + , of peaks (a) and (b) were observed at m/z 613.5 and 775.6, which corresponded to Hex-Hex-pentanol-NBD and Hex-HexHex-pentanol-NBD, respectively. The m/z values of peaks (c) and (d) were completely the same. To identify peaks (c) and (d), exoglycosidase was used to determine the linkage between the nonreducing end and second last galactose. After digestion with α-galactosidase, peak (c) disappeared completely while peak (d) remained ( Figure 7C ). Thus, peaks (c) and (d) were assumed to be Galα-Hex-Hex-Hex-pentanol-NBD and Galβ-Hex-HexHex-pentanol-NBD, respectively. In addition, the peak corresponding to NBD-pentanol-conjugated galactose was increased after α-galactosidase treatment ( Figure 7C ), possibly due to the transglycosylation reaction of α-galactosidase which could transfer the galactose residue from Galα1-4Galβ1-6Galβ1-6Galβ1-1 Cer to NBD-pentanol as an acceptor substrate.
This method was also applied to the total lipid fractions of Ascaris suum, Schistosoma mansoni, and Fasciola hepatica; however, no peaks were observed with HPLC. On the other hand, small peaks were detected when the total lipid fraction of E. granulosus was subjected to the assay (data not shown). This result is well consistent with the report that E. granulosus probably has 6-gala series GSLs based on immunological detection (Dennis et al. 1993 ).
Discussion
Monitoring intact oligosaccharides is very difficult because they have no fluorescent groups and no effective absorption in the UV-Vis region. Thus, derivatization of oligosaccharides is a key step in analyses with HPLC or electrophoresis. As described in this study, fluorescent 6-gala oligosaccharides can be obtained very easily by using EGALC and NBD-pentanol. Since EGALC can hydrolyze transglycosylation products, the amount of enzyme added to the reaction should be carefully examined ( Figure 3B) .
Removal of the unreacted excess reagent is required for the appropriate separation and quantification of fluorescent samples. Generally, gel filtration, hydrophilic solid-phase extraction, nylon filter disks, and some cartridges are used for this purpose. These procedures are, however, somewhat timeconsuming and reduce the yield. In this study, the Folch's partition was employed, in which NBD-pentanol was moved to the organic phase while almost all the fluorescent oligosaccharides were moved to the water phase without a drop in yield.
EGALC strictly recognizes the oligosaccharide moiety, i.e., this enzyme recognizes the Gal/Glc (α/β) 1-6Galβ-structure (Table I) . 6-Gala series GSLs have a common structure, R-Gal (α/β) 1-6Galβ-; therefore, the specificity of EGALC could be useful to detect 6-gala series GSLs whose physiological functions, metabolic pathway, and distribution are not fully understood.
As shown in Figures 5 and 6 , using EGALC resulted in good linearity between the amount of substrate lipid added and the intensity of fluorescence gained; thus, the method can be used for quantitative analysis. Some cestodes show a life cycle consisting of adult, egg, and juvenile stages depending on the host (McManus et al. 2003) . In dimorphic species of Mucor possessing 6-gala series GSLs, spore germination can lead to the production of either filamentous (mycelium) or spherical (yeast) cells depending on environmental conditions (Orlowski 1991) . Information about the physiological roles and metabolic pathway of 6-gala series GSLs would be obtained by comparing the amount of 6-gala series GSLs at different stages in cestodes.
Most GSLs are synthesized from GlcCer, but some cestodes, mollusks, leechs, and earthworms have 6-gala series GSLs. Bifurcation of the pathway for the synthesis of GSLs could have occurred during the course of evolution. To reveal when, numerous organisms should be tested for which type of GSL is present. For this purpose, the method proposed here using EGALC would be very useful. Surprisingly, EGALC can catalyze transglycosylation using not only GSLs but also a glycoglycerolipid, DGDG, as a donor substrate, indicating that the enzyme can recognize glycoglycerolipids. There have been no reports on endo-type glycosidases capable of degrading glycoglycerolipids to our knowledge. In thylakoids of chloroplasts and cyanobacteria, DGDG is a major lipid component and required for a maximal photosynthetic reaction (Holzl et al. 2006) . In addition to DGDG, some species of plants contain oligogalactosyl-glycerolipids, such as trigalactosyldiacylglycerol (TriGDG) and tetragalactosyldiacylglycerol (TetraGDG). These oligogalacto-glycerolipids carry three (Galβ1-6Galα1-6Galβ, or Galβ1-6Galβ1-6Galβ, or Galα1-6Galα1-6Galβ) or four (Galβ1-6Galβ1-6Galα1-6Galβ, or Galβ1-6Galβ1-6Galβ1-6Galβ, or Galα1-6Galα1-6Galα1-6Galβ) galactose units bound to diacylglycerol (Kelly and Dormann 2004) . These galacto-glycerolipids seem to be synthesized under certain growth conditions and in specific tissues. The functions and distributions of these lipids remain to be elucidated. Given the specificity of EGALC (Table I) , this enzyme probably catalyzes transglycosylation using these oligogalacto-glycerolipids as donor substrates; thus, these galacto-glycerolipids would be detected with high sensitivity using EGALC.
The transglycosylation based-fluorescence labeling method using EGALC will be suitable for the investigation of 6-gala series GSLs and some galactosyl glycerolipids and could facilitate research into GSLs as well as glycoglycerolipids.
Material and methods
Materials
DGDG (Galα1-6Galβ1-3DAG) was purchased from Matreya LLC, USA. α-GalCer (Galα1-1 Cer) was purchased from Alexis Biochemicals, Switzerland. Pre-coated Silica gel 60 TLC plates were obtained from Merck, Germany. Ethanolamine was from Nacalai Tesque Inc., Japan. 3-Amino-1-propanol, 5-amino-1-pentanol, 6-amino-1-hexanol, and 10-amino-1-decanol were purchased from Tokyo Kasei Kogyo co., Japan. 4-Fluoro-7-nitoro-2,1,3-benzoxadiazole (NBD-F) was obtained from Sigma-Aldrich Co., USA. HPLC grade acetonitrile was purchased from Kanto Chemical Co. Inc., Japan. and GSC-591(Galβ1-4Galβ1-1 Cer) were synthesized as described previously (Ishibashi, Nakasone, et al. 2007) . For the synthesis of GSC-641 (Glcβ-1-6Galβ1-1 Cer), 3,4-Di-O-benzoylphytoceramide prepared from commercially available phytosphingosine was first glycosylated with phenyl 3,4-O-isopropylidene-6-O-(pmethoxyphenyl)-2-O-pivaloyl-1-thio-β-D-galactopyranoside to give the galactosylceramide derivative, and which was further glycosylated with phenyl 2,3,4,6-tetra-O-benzoyl-1-thio-β-D-glucopyranoside after being converted into the acceptor. The glycolipid obtained was applied for the complete removal of all the protecting groups to give the desired, final product.
Synthesis of glycosphingolipids
Preparation of total lipids R. oryzae (NBRC9364) was obtained from the National Institute of Technology and Evaluation Biological Resource Center, Japan, and cultivated as described (Aoki et al. 2004 ). The cells were harvested and freeze dried, and lipids were extracted from the dried sample (dry weight: 0.6 g) with 120 mL of chloroform/methanol (2/1, v/v) for 1 h at room temperature. Then, 30 mL of water was added, shaken well, and the mixture was left for 12 h at room temperature. The lower phase was collected (dry weight: 29.4 mg), evaporated dry, and dissolved in 3 mL of chloroform/methanol (2/1, v/v). Total lipid fractions from the parasites E. granulosus, T. crassiceps, A. suum, S. mansoni, and F. hepatica were donated by Dr. R. Dennis, Justus-LiebigUniversity Giessen, Germany. These lipids were extracted as described (Dennis et al. 1985) . and TeGC (Galβ1-6Galβ1-6Galβ1-6Galβ1-1 Cer) were prepared from a turban shell, Turbo cornutus, as described previously (Matsubara and Hayashi 1986) . To purify CDS (Galβ1-6Galβ1-1 Cer), the total lipid fraction from R. oryzae was applied to a Sep-Pak silica cartridge (Waters, USA) previously equilibrated with chloroform/methanol (95/5, v/v) . CDS was eluted from the cartridge with chloroform/methanol (75/25, v/v) . These GSLs were identified by TLC and MALDI-TOF MS. Quantification of the purified GSLs was performed with gas chromatography (GC) using galactose as a standard.
Preparation of standard GSLs
Expression and purification of the recombinant EGALC Escherichia coli strain BL21 (DE3) cells transformed with pET22-EGC (Ishibashi, Nakasone, et al. 2007 ) were grown at 37
• C for 12 h in 12 mL of medium A (Luria-Bertani medium supplemented with 100 μg/mL carbenicillin) with shaking. The culture was then transferred into 1 L of medium A and incubated at 25
• C until the A 600 reached 0.7. Then, isopropyl β-D-thiogalactopyranoside (IPTG) was added to the culture at a final concentration of 1 mM to cause transcription. After 8 h at 25
• C with shaking (100 rpm), the cells were harvested by centrifugation (8000 rpm for 10 min), and the supernatant was saturated with 60% ammonium sulfate and left overnight at 4 • C. The precipitate was collected with centrifugation at 8000 rpm for 60 min at 4
• C, and dissolved in 40 mL of 20 mM sodium phosphate buffer, pH 7.4. The sample solution was then applied to a column of Ni Sepharose 6 Fast Flow (GE Healthcare, UK) equilibrated with a 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl, and the column was washed with a 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 50 mM imidazole. EGALC was eluted from the column with a 20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 200 mM imidazole. The eluted fractions were pooled and then loaded onto a column of Superdex TM 200 10/300 GL (GE Healthcare) equilibrated with a 25 mM MES buffer, pH 5.5, containing 100 mM NaCl at a flow rate of 0.5 mL/ min using the BioCAD sprint system (Applied Biosystems, USA). Protein content was determined by the bicinchoninic acid protein assay (Nacalai Tesque Inc.) with bovine serum albumin as a standard. One unit of EGALC is defined as the amount of enzyme that catalyzes the hydrolysis of 1 μmol of substrate per min under the conditions described in Ishibashi, Nakasone, et al. (2007) .
EGALC assay
The hydrolytic activity of EGALC was measured using TGC as a substrate. Two nmol of TGC was incubated at 37
• C for 2 h with an appropriate amount of enzyme in 10 μL of 50 mM sodium acetate buffer, pH 5.5. The reaction was stopped by heating in a boiling water bath for 5 min. After drying, the sample was dissolved in 10 μL of methanol and applied to the TLC plate, which was developed with chloroform/methanol/0.02% CaCl 2 (2/3/1, v/v/v). The TGC remaining and oligosaccharide generated were visualized by spraying the TLC plate with the orcinol-H 2 SO 4 reagent and scanned with a Shimadzu CS-9300 chromatoscanner with the reflection mode set at 540 nm.
Synthesis of NBD-labeled alkanols
Twenty-five micromole of NBD-F and 25 μmol of each ω-amino alkanols (ethanolamine, 3-amino-1-propanol, 5-amino-1-pentanol, 6-amino-1-hexanol or 10-amino-1-decanol) were mixed and incubated at 60
• C for 1 min. The mixture was dried with a speed vac concentrator, dissolved in 2 mL of chloroform, and applied to a Sep-Pak silica cartridge (Waters) previously equilibrated with chloroform. NBD-labeled alkanols were eluted from the cartridge with chloroform/methanol (9/1, v/v). The purified fraction was dried with the speed vac concentrator and dissolved in ethanol. The degree of purification was monitored by TLC with AE-6935B Visirays (Atto Inc., Japan) and with the ninhydrin reagent to detect unreacted ω-amino alkanols. The concentration of NBD-pentanol was quantified with a Shimadzu CS-9300 chromatoscanner (TLC densitometer) with a fluorescent detector (excitation 475 nm) using C12-NBD-Cer as a standard.
Transglycosylation reaction
For the transglycosylation reaction, 10 μL of a reaction mixture containing 250 pmol of glycolipid, 20 nmol of NBD-pentanol, and 10 μU of EGALC in the 50 mM sodium acetate buffer, pH 5.5, was used. Standard assays were carried out at 37
• C for 2 h. To remove the excess reagent, the Folch's partition was employed. The reaction was stopped by adding 80 μL of chloroform/methanol (2/1, v/v), and then adding 10 μL of water. After voltexing for a few seconds, the reaction mixture was centrifuged. NBD-pentanol-conjugated oligosaccharides were found to move to the upper phase and excess NBD-pentanol to the lower phase. The upper phase was collected and washed with chloroform/methanol/water (86/14/1, v/v/v). After centrifugation, the upper phase was collected and dried with the speed vac concentrator.
TLC analysis of transglycosylation products
The dried sample was dissolved in 10 μL of methanol and applied to a TLC plate, which was developed with chloroform/methanol/0.02% CaCl 2 (5/4/1, v/v/v). The transglycosylation product was visualized by AE-6935B Visirays and quantified with a Shimadzu CS-9300 chromatoscanner with the fluorescent detector (excitation 475 nm).
HPLC analysis of transglycosylation products
The dried sample was dissolved in 120 μL of acetonitrile/water (9/1, v/v) or acetonitrile/water/phosphoric acid (90/9/1, v/v/v/), and then centrifuged, and 100 μL of the supernatant was loaded onto an amino column (Asahipak NH2P 50-4E, 4.6 × 250 mm, or Asahipak NH2P 50-4D, 4.6 × 150 mm, Shodex, Japan). The gradient was started at 0% B (acetonitrile/water = 1/1, v/v) in A (acetonitrile/water = 9/1, v/v) and reached 100% B in 25 min at a flow rate of 1.0 mL/min. Finally, the gradient was returned to the starting conditions and the column was equilibrated for 10 min before the next run. An isocratic mobile phase consisting of acetonitrile/water/phosphoric acid (90/9/1, v/v/v/) was used to separate disaccharides conjugated with NBD-pentanol from CDS, DGDG, and GSC-641 at a flow rate of 0.8 mL/min. Fluorescence was determined using a fluorescence detector (HITACHI L-2485) set to excitation and emission wavelengths of 470 and 530 nm, respectively.
MALDI-TOF MS
The MALDI-TOF MS analysis was performed by a Voyager-DE mass spectrometer (Applied Biosystems, USA) or Ultraflex instrument (Bruker-Daltonik, Germany) using ATT (Fluka, USA) as a matrix. The instrument was operated in the positive-ion reflector mode.
α-Galactosidase digestion
For α-galactosidase digestion, 50 μL of reaction mixture containing transglycosylation products of T. crassiceps and 20 mU of α-galactosidase (Sigma-Aldrich) in the 50 mM potassium phosphate buffer, pH 6.5, was incubated for 12 h at 25
• C. The digestion products were analyzed by HPLC as described above.
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